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Abstract 
The paper presents the results of the study of two narrow luminescence lines I1 and I2 at the energies of 3.339 and 3.393 eV 
respectively in NiO and solid state solution Ni0.6Zn0.4O. The luminescence spectroscopy with a sub-nanosecond time resolution 
upon selective photoexcitation in the energy range of absorption of the inner shells Zn M- and Ni L2,3- edges of Zn- and Ni- ions 
was used to promote proposed earlier mechanism of origin of luminescence lines I1 and I2. Photoluminescence decay kinetics of 
NiO and solid state solution Ni0.6Zn0.4O under soft x-ray excitation are discussed. The doublet of I1 and I2 lines is believed to 
arise due to the radiative annihilation of p-d excitons. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Comprehension of energy spectrum of oxide compounds with 3d-transition metals (for instance, NiO, CoO) 
remains one of the unresolved tasks of physics of binary oxides. There is still no coherent conception of structure of 
energy spectrum NiO and CoO. In general, it is accepted that optical properties of aforementioned crystals are 
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formed by p-d and d-d charge-transfer transitions. Nevertheless, unambiguous distinction between these two types of 
transitions has not been achieved up to date. The absorption coefficient is very large in the interband region so this 
circumstance greatly hampers detailed survey of the absorption spectra. At the same time, reflectance spectra don`t 
contain reliable information which helps to distinguish p-d and d-d charge-transfer transitions. 
Previous studies of solid solutions NixZn1-xO by Sokolov et al. (2012, 2014) reveal two narrow lines I1 and I2 at 
the low-temperature (T= 8K) X-ray spectrum and obtain temperature dependences of these lines for solid solution 
Ni0.6Zn0.4O at the temperature range of 8-50 K. It is noted a strong influence of temperature on I1 and I2 lines (shift 
and broadening of lines, change of the relation of maximal intensities with increasing of temperature) and it is 
showed that such behavior is similar to the influence of the temperature on donor and acceptor excitons [dn+1h] in II-
VI compounds doped with 3d elements (for instance, ZnO:Ni; ZnSe:Ni) [Sokolov (1994)]. Discovered facts allowed 
us to assume an origin of narrow lines I1 and I2 as radiative annihilation of p-d charge-transfer excitons. The 
difference between the photoluminescence (PL) decay kinetics of the lines for various temperatures led us to an idea 
of diverse physical nature of I1 and I2 lines. 
In this paper, we examine X-ray luminescence spectra of several solutions NixZn1-xO in the region of I1 and I2 
lines upon various photon excitation energies in the spectral region of absorption edges of lattice atoms. The main 
goal of this work is to survey possible mechanisms of charge-carrier relaxation and radiative recombination using 
luminescence spectroscopy with sub-nanosecond time resolution upon soft X-ray excitation in the range of resonant 
energies of lattice atoms. New experimental data provides an additional confirmation of previous assumption and 
enables us to consider the origin of narrow lines I1 and I2 as a radiative annihilation of p-d excitons in NiO and 
ternary solid solutions NixZn1-xO. 
2. Materials and methods 
The PL measurements were made on the samples of NiO and solid solution Ni0.6Zn0.4O with rock salt crystal 
structure. As starting material we have used the commercially available powder of NiO (99%; Prolabo) and ZnO 
(99.99%; Alfa Aesar) which has been pressed into pellets under pressure of about 1250 bar and placed into gold 
capsules. Quenching experiments at 7.7 GPa and 1000-1100 K have been performed using a toroid-type high-
pressure apparatus. Details of experimental technique and calibration are described elsewhere [Baranov et al. 
(2008)]. Electron microscopy analysis shows the samples to be dense poreless oxide ceramics with rock salt cubic 
structure and grain size of about 10-20 μm.  
The present study was carried out by the means of the low-temperature luminescence extremely ultraviolet 
(XUV) spectroscopy with the time resolution. The time-resolved PL spectra as well as the PL decay kinetics under 
XUV excitation have been measured at T = 8 K using synchrotron radiation (SR) from the BW3 beamline. The SR 
from the undulator was further monochromatized by a Zeiss SX700 monochromator. The PL emission spectra were 
measured by a 0.4 m vacuum monochromator (Seya-Namioka scheme) equipped with an microchannel plate-
photomultiplier (MCP 1645, Hamamatsu). We have recorded the time-resolved spectra in fast Δt-wide temporal 
window delayed by δt relative to the excitation pulse front. The parameters of fast time window: δt=0.1 ns, Δt=20 ns. 
The temporal resolution of the whole detection system was 250 ps. The temporary interval between SR excitation 
pulses is equal 96 ns. The PL emission spectra were not corrected to the transmission of the detection system. 
3. Results and discussion 
Figure 1 shows the results of the study of X-ray luminescence of Ni0.6Zn0.4O solid solution and NiO (on inset) 
upon selective excitation by XUV-photons in the region of ultrasoft X-ray 130 eV and 850 eV. In our case, 
excitation energy of Eexc= 130 eV corresponds to the excitation of the M1 3s-inner shell of zinc (electron binding 
energy 139.8 eV), and Eexc= 850 eV corresponds to the excitation of the L3 2p3/2-inner shell of nickel (electron 
binding energy 852.7 eV). At the excitation energy of Eexc=850 eV intensity of I2 line increases if it is compared with 
I1 line and both lines become asymmetrical. I1 line is visibly asymmetrical and has a shift towards the lower 
energies. The X-ray luminescence spectrum of NiO was measured upon excitation at 130 eV. Selected energy of 
excitation was not resonant for nickel and oxygen atoms and it is worth noted that intensity of the luminescence in 
NiO is appeared to be almost ten times weaker than in Ni0.6Zn0.4O. 
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Figure 1. Time-resolved luminescence spectra of solid solution Ni0.6Zn0.4O (fast window) under excitation with energies Eexc=130 eV (1) and 
850 eV (2) at T= 8 K. Inset: luminescence spectrum of NiO (fast window) under excitation with energy Eexc=130 eV at T= 8 K. 
 
The normalized PL decay kinetics curves which were recorded for Ni0.6Zn0.4O solid solution at T= 8 K upon the 
excitation by photons with energies of 130 eV and 850 eV for monitoring emissions at 3.34 eV and 3.39 eV are 
shown in Figure 2. The PL decay kinetic of I1 line upon excitation at Eexc= 130 eV is characterized by exponent with 
decay time τ= 0.6 ns (calculation have performed by convolution method). The PL decay kinetic of I1 line upon 
excitation at 850 eV has not been measured because of the small intensity. The PL decay kinetics of I2 line are 
significantly faster: decay time doesn`t exceed 0.25 ns for either 130 eV and 850 eV excitation energies. This 
quantity is limited by the temporal resolution of the detection system. 
Figure 2. The PL decay kinetics recorded for solid solution Ni0.6Zn0.4O at T= 8 K monitoring emissions at 3.34 (1) and 3.39 eV (2, 3) under 
excitation Eexc= 130 (1, 3) and 850 eV (2). 
 
The decay time of I2 line upon the excitation with energy Eexc= 850 eV increased slightly. Comparison of the X-
ray luminescence spectra of solid solution Ni0.6Zn0.4O upon two resonant excitation energies Eexc= 130 eV and Eexc= 
850 eV displayed changing of ratio between I1 and I2 lines. The X-ray luminescence spectrum of NiO upon non-
resonant excitation with energy Eexc= 130 eV manifested weak I1 and I2 lines with intensive I1 line and less intensive 
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I2 line. Selected excitation energies almost correspond to the M1 3s- and L3 2p3/2-edges of absorption for inner shells 
of zinc and nickel, respectively. Such excitation energy generates the electron at the conduction band and the hole at 
the inner shell. After that generated core hole goes up to the valence band as a result of x-ray fluorescence or Auger 
process. Finally it is formed a hole at the top of the valence band and relaxed electron at the bottom of the 
conduction band. At the excitation energy of Eexc= 130 eV the probing depth of the synchrotron radiation amounts 
0.02 μm, at Eexc= 850 eV it becomes much substantial with the depth of 0.43 μm [http://henke.lbl.gov]. In solid 
solutions NixZn1-xO electron-hole pairs originate at depth approximately 0.05 μm from the surface upon optical 
interband excitation [http://henke.lbl.gov]. Upon the optical excitation the defectiveness has the biggest degree close 
to surface and it diminishes significantly upon the excitation with the energy of Eexc= 850 eV. The decay kinetic of I1 
line upon the excitation at 130 eV is slower (τ ~ 0.6 ns) than the decay kinetic of I2 line. The relaxation rate of core 
hole to the top of the valence band is estimated significantly less. Sub-nanosecond decay time of the obtained PL 
decay kinetics enables to attribute the origin of radiation recombination only to electrons and holes at the bottom of 
the conduction band and the top of the valence band, respectively. Process of excitation can also induce d-d charge 
transfer transitions with creation of Ni+ (d 9) and Ni+3 (d 7) ions. d 9-states form the conduction band whereas d 7-
states locate deeply at the valence band. The holes on the d-states will be lift to the valence band with the same times 
as generated upon X-ray excitation core holes. Thus d-d charge transfer transitions cannot appear at the sub-
nanosecond or nanosecond radiation recombination. 
It is possible to consider two different processes of origin of the luminescence: (1) radiation recombination of the 
hole at the top of the valence band and relaxed electron at the bottom of the conduction band; (2) radiation 
annihilation of coulomb-bound electron-hole pair, namely the luminescence of charge-transfer exciton. Excitons are 
known to exist only at low concentration of defects in a crystal. Using optical excitation electron-hole pairs are 
created close to the surface where the defectiveness is the biggest. Therefore I1 and I2 lines have not been detected at 
photoluminescence spectra even upon using synchrotron radiation [Sokolov et al. (2012)]. Thus the selective 
photoexcitation promotes the formation of excitons, allowing to vary the ratio of radiative recombination processes 
and non-radiative subsurface energy losses of band charge carriers. First variant of origin of luminescence proposes 
radiation recombination of the relaxed electron at the bottom of the conduction band (CB formed by d 9-states of 
nickel) and the hole at the top of the valence band (VB formed by 2p-states of oxygen). Second option of origin of 
luminescence seems to us more plausible namely radiation annihilation of electron-hole pair bound by the Coulomb 
interaction. We named such formation as p-d charge-transfer exciton. This exciton is similar to the acceptor exciton 
[d9h] for Ni-impurity in II-VI:Ni [Sokolov (1994)]. A notion about p-d exciton is supported by following reasons. 
The radiation recombination of relaxed electron at the bottom of the conduction band and the hole at the top of the 
valence band is accompanied by emission of a photon with energy ћω = Eg. Further it may lead to self-absorption of 
the emitted photon by crystal. On the other hand, coulomb-bound electron and hole decrease radiation annihilation 
energy because of self-energy of hole binding εh and recombine with emitting of photon with energy ћω = Eg - εh. 
Evaluation of band gap based on [Sokolov et al. (2012, 2013)] gives Eg Ĭ 3.5 eV for NiO crystal. Thus observed 
luminescence of the narrow lines occurs from exciton levels located at the band gap of investigated solution. But the 
shape of I1 and I2 lines depends on the defectiveness. The excitation with energy 850 eV is believed to form excitons 
at the region of crystal with the reduced defectiveness. Such excitons have broadening and the shape of the emission 
line which correspond to the volume of the crystal. As a result it becomes possible to examine a shape of 
luminescence lines of the excitons which originate deeper from the surface in the domain of reduced defectiveness. 
It can be seen from Fig. 1 that I2 line is three times bigger than I1 line and both lines have a pronounced broadening 
towards lower energies. These lines are expected to have a second unresolved component. 
Our X-ray luminescence spectra contain exciton lines of the edge emission. In principle, we can expect lines with 
lower energies which are due to defects energy levels in the band gap. Such luminescence bands have been found in 
sapphire (α-Al2O3), aluminium lanthanate (LaAlO3) and magnesium oxide (MgO) by Vaz et al. (2013). The spectra 
were measured at room temperature upon excitation with energy 1000 eV. In α-Al2O3:Cr authors discovered an 
intense sharp line at 1.786 eV (694 nm) which was attributed to the 2E ė4A2 transition of substitutional Cr3+ ions in 
an octahedral environment (the R1 and R2 doublet). Broad bands have been revealed for MgO and LaAlO3 in region 
1.3-1.9 eV and 1.5-2.5 eV respectively. Vaz et al. (2013) believe that discovered peaks can be used for X-ray 
detection. 
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The accumulated experimental data presented at [Sokolov et al. (2012, 2014)] and at this paper allow us definitely 
believe that the I1 and I2 lines at the X-ray excited luminescence spectra of NixZn1-xO solid solutions originate due to 
radiative annihilation of p-d charge-transfer excitons. The observation of two lines with various intensity, different 
temperature dependence and diverse decay time enables to make a conclusion that the charge carriers which formed 
the excitons belong to different band states. Also we can assume that the triply degenerate valence band at the Γ-
point of the Brillouin zone is splitted into two subbands approximately on 50 meV due to the spin-orbital interaction. 
4. Conclusions 
In summary, the luminescence spectra of solid solution Ni0.6Zn0.4O and NiO at T= 8 K under XUV excitation 
have been investigated at the spectral region of I1 and I2 lines. Making use of the selected XUV excitation with 
energies at the spectral region of absorption edges of lattice atoms allowed us to examine a shape and intensity of I1 
and I2 lines by avoiding the influence of the surface defectiveness. We considered possible mechanisms of charge-
carrier relaxation and radiative recombination in the investigated materials. On the basis of the experimental data we 
believe that narrow lines I1 and I2 in oxide compounds NixZn1-xO originate due to the radiation recombination of p-d 
excitons. 
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